Objective-Hydrogen sulfide (H 2 S)-releasing NSAIDs exert potent anti-inflammatory effects beyond classical cyclooxygenase inhibition. Here, we compared the platelet inhibitory effects of the H 2 S-releasing aspirin derivative ACS14 with its mother compound aspirin to analyze additional effects on platelets. Methods and Results-In platelets of mice fed with ACS14 for 6 days (50 mg/kg per day), not only arachidonic acidinduced platelet aggregation but also ADP-dependent aggregation was decreased, an effect that was not observed with an equimolar dose of aspirin (23 mg/kg per day). ACS14 led to a significantly longer arterial occlusion time after light-dye-induced endothelial injury as well as decreased thrombus formation after ferric chloride-induced injury in the carotid artery. Bleeding time was not prolonged compared with animals treated with equimolar doses of aspirin. In vitro, in human whole blood, ACS14 (25-500 µmol/L) inhibited arachidonic acid-induced platelet aggregation, but compared with aspirin additionally reduced thrombin receptor-activating peptide-, ADP-, and collagen-dependent aggregation. In washed human platelets, ACS14 (500 µmol/L) attenuated αIIbβ3 integrin activation and fibrinogen binding and increased intracellular cAMP levels and cAMP-dependent vasodilator-stimulated phosphoprotein (VASP) phosphorylation. Conclusion-The H 2 S-releasing aspirin derivative ACS14 exerts strong antiaggregatory effects by impairing the activation of the fibrinogen receptor by mechanisms involving increased intracellular cyclic nucleotides. These additional antithrombotic properties result in a more efficient inhibition of thrombus formation in vivo as achieved with aspirin alone. (Arterioscler Thromb Vasc Biol. 2012;32:2884-2891.)
A cetyl salicylic acid (aspirin) is one of the most frequently prescribed drugs worldwide and plays an outstanding role in the therapy of cardiovascular diseases as a platelet inhibitor. Its use is essential in the secondary prophylaxis of myocardial infarction and stroke. 1 However, despite the indisputable success of this drug, its use is associated with gastrointestinal mucosal damage. 2 To overcome these side effects, derivatives of NSAIDs have been developed, which release hydrogen sulfide (H 2 S) aiming to decrease gastrointestinal complications. Indeed, in animal experiments, these new or modified drugs caused less gastric mucosal damage by affecting redox imbalance processes through increased H 2 S/ glutathione formation and increased mucosal blood flow, 3, 4 while exerting anti-inflammatory effects comparable with or even exceeding the effect of the respective parental drug. [3] [4] [5] Several H 2 S-related mechanisms are considered responsible for these effects. 6 At lower concentrations, H 2 S or H 2 S donors possess anti-inflammatory properties, 7-10 including inhibition of nuclear factor-κB activation, 9 heme oxygenase-1 expression, 11 scavenging of peroxynitrite, 12 or modulation of the intracellular redox state. 13, 14 Because these pathways contribute to the pathophysiology of cardiovascular diseases, it is not surprising that several studies showed cardioprotective effects of H 2 S 15, 16 as well as antiatherosclerotic properties. 17, 18 In addition, H 2 S plays a role in the regulation of blood pressure through vasorelaxation. 19, 20 Recently, the pharmacological profile of a new H 2 Sreleasing aspirin (ACS14) was described. In rodents, ACS14 exerted a similar thromboxane-and prostaglandin-suppressing activity as aspirin but showed less gastric mucosal damage. 3 This effect was explained by a direct influence of H 2 S release on cellular redox imbalance, subsequently increased glutathione formation, and by enhanced heme oxygenase-1 promoter activity resulting in lower levels of 8-isoprostane. ACS14 also preserved endothelial function in an animal model of metabolic syndrome and ischemiareperfusion injury by modulating levels of glutathione and homocysteine. 21, 22 The beneficial vascular effects of ACS14 observed in animal studies raise the question whether this compound exerts the same antiaggregatory effects on platelets as aspirin or whether it may combine them with previously described antiaggregatory effects of H 2 S 23,24 and thereby exceed the inhibitory effects reached by aspirin alone.
We therefore investigated the ability of the H 2 S-releasing aspirin derivative ACS14 to inhibit platelet activation and aggregation in vitro and ex vivo by studying different platelet activation pathways. After oral treatment of mice with ACS14, we further assessed the effects of ACS14 on thrombus formation in vivo through intravital microscopy in arterioles of the skin as well as in the carotid artery.
Materials and Methods
Detailed descriptions of all experiments as well as lists of materials, chemicals, and antibodies used in this study are provided in the online-only Data Supplement.
Blood Donors and Animals
All blood donors were healthy volunteers, who had given written consent and had not taken any medications for at least 10 days. The investigation conforms to the principles outlined in the Declaration of Helsinki. All animal experiments were conducted in wild-type C57BL/6 mice. Surgical procedures were performed under short-term anesthesia using midazolam, fentanyl, and medetomidine hydrochloride in accordance with the German animal protection law and conform to the Directive 2010/63/EU of the European Parliament. For ex vivo experiments, blood was obtained by cardiac puncture or drawn from the inferior vena cava in anesthetized wild-type C57BL/6 mice.
Drug Administration
ACS14 or aspirin was dissolved in dimethyl sulfoxide and further diluted in aqueous buffers. In all control experiments, the same amount of vehicle was added. For in vivo and ex vivo experiments, dissolved ACS14 and aspirin were further diluted in carboxymethylcellulose as previously described 3 and fed by gavage.
In Vitro and Ex Vivo Experiments
Platelet aggregation in whole blood was performed by impedance aggregometry (Multiplate). Parameters of the plasmatic coagulation were assessed by thromboelastometry (ROTEM). Blood cell counts were measured with a Beckman Coulter Counter. Platelet ATP release was measured by chemiluminescence. P-selectin, activated αIIbβ3 integrin, and fibrinogen binding were analyzed by flow cytometry. Vasodilator-stimulated phosphoprotein (VASP) phosphorylation was assessed by Western blotting. Mitochondrial membrane potential, caspase activity, cAMP, thromboxane (TX) B 2 , creatinine, and lactate dehydrogenase levels were detected by using commercially available kits.
In Vivo Experiments
Arteriolar thrombus formation was assessed in the dorsal skinfold chamber microcirculatory model in mice using a light-dye injury model. The dorsal skinfold chamber was prepared as described previously. 25 In the carotid artery, thrombus formation was assessed upon FeCl 3 injury as previously described, 26 with minor modifications.
Statistical Analysis
Data were analyzed using Student t test or ANOVA as appropriate to compare normally distributed variables or ANOVA on ranks when normal distribution was not given (indicated in the respective figure legend). All data are expressed as mean±SEM. Differences were considered significant when the error probability was P<0.05.
Results

Platelet Aggregation and Cyclooxygenase Inhibition
To investigate the influence of ACS14 on platelet aggregation, impedance aggregometry was performed after incubation of whole blood from healthy volunteers with several concentrations of ACS14 ranging from 25 to 500 µmol/L. After 5 minutes of incubation, ACS14 induced a dose-dependent decrease of platelet aggregation, irrespective of whether aggregation was elicited with arachidonic acid (0.5 mmol/L), thrombin receptor-activating peptide (32 µmol/L), ADP (6.5 µmol/L), or collagen (3.2 µg/mL). The inhibitory effect of ACS14 was compared with the aggregation decrease exerted by equimolar doses of aspirin. In contrast to ACS14, aspirin reduced only the arachidonic acid-dependent and partly the collagendependent aggregation. To achieve a similar decrease of the arachidonic acid-dependent aggregation, higher concentrations of ACS14 than of aspirin were required ( Figure 1A ). To investigate whether platelet inhibition by ACS14 could be a result of rapid H 2 S release, aggregation was also measured after incubation of blood with the H 2 S donor NaHS, which impaired platelet aggregation induced by several aggregatory stimuli, however to a lesser extent than ACS14 ( Figure I in the online-only Data Supplement).
To assess the inhibition of cyclooxygenase (COX), TXB 2 was measured in the supernatant of washed platelets stimulated with thrombin (0.2 U/mL) or arachidonic acid (0.1 mmol/L) for 3 minutes. Whereas thrombin-as well as arachidonic acid-induced thromboxane release was completely blocked in platelets treated with aspirin (500 µmol/L for 10 minutes), treatment with ACS14 in equimolar concentration reduced this to 4 ± 3% and 24 ± 5% of controls, respectively (n=4; Figure 1B) .
To assess the duration of platelet inhibition, blood was incubated with ACS14 or aspirin for up to 3 hours. Whereas the strong platelet inhibitory effects on thrombin receptoractivating peptide-, ADP-, and collagen-induced platelet aggregation observed after a short time of incubation declined after around half an hour, the decreased arachidonic acidinduced aggregation was not reversible within 3 hours, similar to that observed with aspirin treatment (Figure 2 ).
Plasmatic Coagulation
We also tested whether ACS14 affects the plasmatic coagulation by performing thromboelastometry. Although the clotting time (time from stimulation to onset of clot formation) was unaffected by ACS14 or aspirin, the clot formation time (time for the formation of a solid clot) was significantly longer in ACS14-treated blood on activation of the extrinsic (184 ± 10 s versus 148 ± 6 s with aspirin) as well as the intrinsic coagulation cascade (183 ± 21 s versus 118 ± 10 s; P<0.05, n=12; Figure 1C ). December 2012
Effects on Platelet Integrity
As markers of platelet viability, we assessed the mitochondrial membrane potential and the caspase activity in washed platelets treated with 500 µmol/L of ACS14 for 10 minutes. No differences regarding the mitochondrial membrane potential (as detected by JC-1 fluorescence) as well as the caspase activity were observed compared with controls or platelets treated with equimolar concentration of aspirin ( Figure 3 ).
Platelet Aggregation and Bleeding Time After Oral Treatment With ACS14
We investigated whether oral treatment of mice resulted in similar inhibitory effects on platelet aggregation as observed in vitro in human blood. After 6 consecutive days of feeding with ACS14 (50 mg/kg per day), COX was significantly inhibited as indicated by reduced levels of the thromboxane metabolite TXB 2 in the urine ( Figure 4B ).
Platelet aggregation was measured ex vivo in whole blood from mice, which were treated with equimolar doses of ACS14 or aspirin (50 or 23 mg/kg per day, respectively). Blood was collected 2 to 4 hours after the last treatment. As expected, both treatments showed a decrease in the arachidonic acid (0.1 mmol/L)-dependent platelet aggregation. This effect seemed to be stronger in aspirin than in ACS14-treated animals; however, the difference was not significant at the sample size chosen (24 ± 5% versus 54 ± 15% of controls; P=0.13, n=6). ACS14 treatment additionally resulted in reduced ADP (10 µmol/L)-dependent platelet aggregation (65 ± 5% of controls; P<0.05, n=6), which in aspirin-treated animals was similar to untreated controls ( Figure 4A ).
Whereas both treatment with ACS14 and aspirin prolonged the bleeding time, as assessed by the tail bleeding assay, no difference between the treatments could be detected ( Figure  4C ). No changes in the platelet count and white or red blood cell counts were observed after 1 week of oral treatment with aspirin, ACS14, or vehicle. In addition, no differences in serum lactate dehydrogenase levels, a marker of hemolysis or tissue damage, were found between the treatment groups (Table) .
Thrombus Formation in Arterioles and Carotid Artery In Vivo
Next, we investigated the influence of ACS14 on thrombus formation in vivo. To this end, a light-dye-induced endothelial injury model in arterioles of the dorsal skinfold was used. The experiments were performed 2 to 4 hours after the last treatment. Time to complete vessel occlusion upon endothelial injury was not significantly different in aspirin-treated animals (23 mg/kg per day fed for 6 days) compared with control animals (223 ± 40 s versus 258 ± 18 s in aspirin-treated mice; n=6), whereas it was prolonged to 459 ± 43 s in animals treated with ACS14 in equimolar dose (n=6, P<0.05; Figure 5A ). As a model for arterial thrombosis in larger arteries, thrombus development in the carotid artery after FeCl 3 injury was analyzed. In animals orally treated with ACS14, thrombus formation was significantly slower than that in aspirin-treated animals, where initial thrombus growth was similar to controls with less thrombus stability after ≈20 minutes. Overall thrombus size within 30 minutes of injury (expressed as the area under the curve from the fluorescence intensity of the labeled thrombus) was decreased after ACS14 treatment compared with aspirin-treated animals (57 ± 12% versus 88 ± 12% of controls, respectively; P<0.05, n=5 to 6; Figure 5B ; Videos I-III in the online-only Data Supplement).
Effect on Integrin Activation and Fibrinogen Binding
Effects of ACS14 on the fibrinogen receptor, αIIbβ3 integrin, whose activation is the common final pathway mediating aggregation, were assessed by flow cytometry. Thrombin-as well as ADP-dependent inside-out activation of the receptor was significantly reduced after treatment of washed platelets with ACS14 500 µmol/L for 10 minutes. In contrast, there was no such effect of aspirin. Functionally, ACS14 led to a significantly decreased binding of fluorescently labeled fibrinogen to platelets on stimulation with ADP or thrombin. In resting platelets, neither ACS14 nor aspirin altered basal activation of the fibrinogen receptor (n=6; Figure 6A and 6B).
Platelet Secretion
To investigate the effect of ACS14 on αand dense granule secretion, surface expression of P-selectin, as well as ATP release on thrombin stimulation, was measured. Whereas no differences between ACS14 or aspirin could be detected with regard to ATP release, ACS14, but not aspirin treatment, slightly reduced P-selectin expression (n=6; Figure 6C and 6D).
VASP Phosphorylation and Intracellular cAMP
Because H 2 S, which is released from ACS14, has been shown to increase the intracellular concentration of cyclic nucleotides in other cells, intracellular cAMP levels were measured by ELISA in lysates of washed platelets. Compared with controls, ACS14 treatment (500 µmol/L, 10 minutes) significantly elevated cAMP levels (1950 ± 66 fmol/10 7 platelets versus 1479 ± 118 fmol/10 7 platelets in controls; P<0.05, n=5; Figure 6F ). Phosphorylation of VASP as a (500 µmol/L) had no effect on platelet mitochondrial membrane potential (A) and the activity of caspases (B), indicating that inhibition of platelet aggregation was not the result of deleterious effects. A23187 (10 µmol/L) was used as a positive control to induce loss of mitochondrial membrane potential and subsequent caspase activation (n=4). December 2012 target of cAMP-dependent protein kinase A was assessed by Western blotting in human platelet lysates. After 10-minute treatment with ACS14 (500 µmol/L), VASP phosphorylation at Ser157 was >2-fold (8 ± 1%, P<0.05, n=6; Figure  6E ), whereas aspirin did not increase VASP phosphorylation (no change against the control value of 3 ± 1% of the positive control iloprost).
Discussion
In this study, we demonstrate that in human and murine platelets, the new H 2 S-releasing aspirin derivative ACS14 not only inhibits arachidonic acid-dependent aggregation but, unlike aspirin, also decreases ADP-, collagen-, and thrombin-induced aggregation. These COX-independent effects were observed both after short incubation of whole blood in vitro and after continuous oral ingestion in mice. Consequently, ACS14, in contrast to aspirin, prolonged clot formation time, which represents the speed at which a solid clot is formed and is heavily dependent on platelet function. These results correspond to the in vivo observation of a markedly decreased arterial thrombus formation in arterioles and in large arteries. Furthermore, we show that attenuated activation of the αIIbβ3 integrin by ACS14 and increase of intracellular cyclic nucleotides contribute to the antithrombotic effects. Our in vitro findings in human whole blood demonstrate that ACS14, like aspirin, is a potent inhibitor of platelet aggregation. The antithrombotic and antiaggregatory effect of low-dose aspirin is attributed to the permanent inhibition of COX-1-dependent TXA 2 formation in platelets. 27 ACS14 also effectively inhibits platelet thromboxane release, but compared with aspirin higher doses are required to achieve similar COX inhibition. This could be because of a less effective release of the aspirin molecule from the ACS14 compound or because of a more rapid deacetylation, which has been observed in pharmacokinetic studies. 3 In contrast to aspirin, a decrease in platelet aggregation by ACS14 is not limited to COX inhibition. ACS14 reduced thrombin-, ADP-, and collagen-dependent platelet aggregation, which are not relevant targets of unconjugated aspirin. 28 These additional effects can, in part, be explained by a rapid release of H 2 S, because platelet inhibition by the H 2 S donor NaHS, where H 2 S release occurs rapidly, was qualitatively similar to the inhibition exerted by ACS14, but quantitatively less pronounced. This in turn may be owing to differences in the kinetics of the H 2 S release but could also arise from the remaining thiol groups of ACS14. COX-independent platelet inhibitory effects of ACS14 were partly reversible and started to decline after around half an hour, being consistent with previously observed kinetics of H 2 S release by ACS14 in the plasma of rodents, which was most prominent within the first half an hour after intravenous administration. 3, 22 The striking inhibitory effects on several platelet-activating pathways exerted by ACS14 raise questions about unspecific and eventually deleterious effects of the compound on platelets. However, even higher doses of ACS14 neither affected platelet mitochondrial membrane potential, an indicator of cell viability, 29 nor activation of cell death-executing caspases. Also, hematologic parameters in animals treated with ACS14 such as platelet and blood cell counts or lactate dehydrogenase levels remained unchanged by treatment with the compound.
In full agreement with our in vitro findings in human blood, oral treatment with ACS14 in mice, which has previously been shown to reduce aspirin-dependent gastrointestinal damage 3, 21 in rodents, potently inhibited COX and consequently arachidonic acid-dependent platelet aggregation. Platelet aggregation in blood drawn from ACS14-but not aspirintreated animals was also significantly decreased on ADP stimulation, indicating that the COX-independent platelet inhibitory effects of ACS14 were preserved even after oral treatment and that findings in mouse and human platelets were alike.
In an in vivo thrombosis model, in the microcirculation of the dorsal skin, in which the endothelium is specifically damaged by photoactivation of a fluorochrome, ACS14, but not aspirin, significantly prolonged the time to complete vessel occlusion by a thrombus. This advantageous effect of ACS14 also reflects in vivo the broader antiaggregatory and antithrombotic effects of ACS14 compared with aspirin. Collagen, the most prominent platelet activator in the subendothelium, and thrombin, generated by tissue factor exposition, likely represent important initial platelet activators at the site of endothelial injury on atherosclerotic plaque rupture, whereby the autoactivating substances, ADP and TXA 2 , also play key roles. 28, [30] [31] [32] As atherothrombotic events predominantly occur in larger vessels, we proceeded to investigate thrombus formation in the carotid artery. Indeed, also in this model, ACS14 significantly reduced thrombus size after vessel injury, whereas aspirin in an equimolar dose primarily reduced the stability of the thrombus.
How can the broad antiaggregatory and antithrombotic effects of ACS14 in functional in vitro assays and in the in vivo models be explained? The fact that inhibition of platelet function with ACS14 is observed with several platelet-activating stimuli points toward common mechanisms that are being central for regulatory platelet aggregation processes. Among these, the integrin αIIbβ3, which functions as the fibrinogen receptor, plays an outstanding role. 33, 34 Indeed, we found that ACS14 significantly diminished the activation of the fibrinogen receptor, which could explain the common strong decrease of platelet aggregation on the stimulation of several activation pathways.
H 2 S donors have recently been shown to inhibit phosphodiesterase and activate adenylate cyclase in vascular smooth muscle cells. 35, 36 cAMP activates the cAMP-dependent protein kinase, protein kinase A, 37, 38 which inhibits platelets by phosphorylation of VASP and other target proteins. 39 VASP regulates actin dynamics, and the increase of the phosphorylated form is associated with decreased platelet aggregation and decreased activation of αIIbβ3 integrin. 40, 41 The observed increase of phosphorylation of VASP at Ser157 as well as intracellular cAMP levels in platelet lysates after treatment with ACS14 constitute a possible pathway responsible for the inhibitory effects of ACS14. However, additional modification of other extracellular thiol-containing receptors, such as the ADP receptor P2Y 12 or the collagen receptor GPVI, 42, 43 by ACS14 cannot be excluded.
Our findings may be of considerable therapeutic interest. Presently, antithrombotic therapy in cardiovascular diseases is mainly based on the inhibition of TXA 2 formation by aspirin and the blockade of the P2Y 12 receptor. However, this dual therapy is associated with a higher risk of bleeding events. 44, 45 ACS14, which offers a new mechanistic profile, therefore deserves further clinical investigation. This holds especially true for patients with coronary artery disease, because these show greater ADP-induced activation of the fibrinogen receptor, and higher doses of aspirin are required to affect ADP-and collagen-induced aggregation. 46 In conclusion, our findings indicate that ACS14 strongly inhibits platelet aggregation by affecting fibrinogen receptor activation and increasing intracellular cAMP levels, and thereby attenuating arterial thrombus formation in vivo. Altogether, ACS14, in addition to spare the gastric mucosa, 3 seems to be a drug with broad-spectrum effects on platelet function that could prove beneficial in antiaggregatory therapy in the future. 
